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ADVAKCE RESTRICTEP REPORT

THE DESIGN OF THE OPTIMUM HULL FOR A
LARGE LONG~RANGE FLYING BOAT
By John B, Parkinson

SUMMARY

Principles for designing thes optimum hull for a
large long-range flylng boat are proposed to sult the
requlrements of minimum drag, seaworthiness, and abllity
to take off and lamnd at all operational gross weights.
The principles include .the use of moderate gross-load
gcoefficlenta, ample forebody lengths, end déep steps and
the close adherence qf the form to that of g streamline
body of revolution with a moderate fineness ratio.

The valldity of the design princliples 1s lllustrated
by the results of tests in NACA tank No. 1 ard in the
NACA two-dimensional low-iurbulence pressure tunnel of
the form of the hull for a L,00,000-pound transport
flylng boat. These results indicate that for large air-
planes satlsfactory hydrodynamlc characteristics can be
aettained wlthout an undue penalty in flight performance
caused by the drag of the step and the chines.

The effect of size on the pronortions and the telke-
off performance of long-range flying boats 1s shown for
three hypothetical flying boats having gross weights of
120,000, 300,000, and 480,000 pounds snd the same wing.
loaéing, power loading, and hull loading. When these
loadlngs are held constant, the size of the hull relatlve
ta the wing and the take-off time and distance are
decreasad as the gross welght l1a increased.

The huyll of the flying boat, aside from 1ts inherent
ablllty to take off and land at sea, provides an immediate
solution for the landlng-gear problem of large long-range
alrpleanes.
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INTRODUCTION

The optimum hull for a long-range flying boat 1s one
that performs the functions of a fuselege, flotation gear,
end landing gear with the minimum of welght and drag.

The ideal hull would be a streamline body of revolution
wlth 1ts maximum radius determined by the space for useful
load and its fineness ratio determined by the length from
the center of gravity to the tall surfaces.

Practicable hulls depart from the 1deal 1in ordor to
meoet the followlng addlitionsl requirements that must be
approximately satisfied 1f the flylng boat 1s to b2 a
self-sufflclient and reliable unit of trensportation:

(1) Seaworthiness in sheltered waters and moderate
opon-sea conditions. By scaworthiness 1s meant the
gbllity to orerate successfully es a surfuce boat with-
out unduse damage or danger from wind, waves, and spray.

(2) Abllity to teke off aund land on the water at
all operatlional gross welghts. Thls rejulrement lncludes
(a) water resistance low enough for reasonable take-off
time end distance and (b) adeguate hydrodynamic stability
end control in pltcsh, yaw, and roll.

The best all-round compromlse among aerodynsmic,
hydrodynamic, and structural requilrements devlised so
far 1s the wldely used V-bottom planing-type hull con-
sistirg of a forebody planing surfece w!th the angle of
dead rise increased at the bow to glve sharp water llnes,
a step slightly aft of the center ol gravity, and a
polnted afterbody plening surfuce set at an upward angle
with reference to the foretody. Such e hull dlends with
the airplane deslign In much the same way as a landplane
fuselage except that a high location of the wing end a
single vertlcal tall are desirable for clesrance from
spray. The V-bottom permits a reasonablzs wel:ht of
structure. The hull trims naturally at low water speeds
for acceptable mazirmur (hump) resistance with the power
loadings normally rcqulred in flight end for the minimum
sproy from the forebody. At jplening spseds 1t 1s ~on-
trollable in trim and can be pulled up fnr take-off.
Its stabllity 1s such that it can bs raneuvered and
operated by the usual fligcht controls,
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The adaptetion of the type of hull described to

_various seaplene deslgns and research on its proportions
and shape héve been the principal activitlies of the

seaplane towing tanks. - The results of this work, together
with extensive full-scale experlence, enable the design
of a large long-range seaplane to he approached with
reasonable assurance that the design of a satlsfactory
hull can be accomplished with & reasonable amount of
tenk testing in addition to the usual wind-tunnel testing.

In this report, certaln principles for the dealgn

* of hulls for large long-range flying boats based on the
accumalated experlence of the NACA tanks are proposed.
Thelr validity as applied to large alrplenes 1s established
by the results of an Invéstlgation of the hull of a
400,000-pound cargo flying boat, incorporating the
principles and tested at the KACA laborstory at Langley
Field, Va. PFPreliminary designs of thrse rimllar flylng
boats with the same form of hull are presented to illus-
trate the poasibllities of water-besed airplanes in the
range of gross weights from 100,000 to 500,000 pounds
and to indicate the effezt of gross welght in thls range
on the relative size of hull to wlng and on take-off
rerformance.,

DESIGN PRINZCIPLES

The fincl form of a flylng-boat hull 1s obtalned from
a succession of three-view >uiline drawings of the alr-
plans, in which proportions and shape are adjusted until
all the requlrements are met in es satisfectory a menner
as posstble. This process entealls a number of com-
promlses and demands on the part of the designer, famill-
arity with all the serodynamic, structural, and hydro-
dynemic principles involved, plus a slxth sense of what
looks right. The detaill design of the hull cannot be
undertalten until the three views demonstrate that its -
shape and proportions blend haermoniously with the other
components and the over-all deslign of the alrplans.
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Proportions

Aside from the fundamental requirements of cublec
capaclty and minimum drag, the prcportions of the hull
are largely dependent on the mazimum gross weight,.which
determines the buoyancy and slze of the planing surfaces
required. A sounéd and not over-optimistic estimate of
the gross welght 1s the most important contribution to
& siiccessful hull desalgn. An overloaded hull will
suraly have inferlor seaworthiness and hydrcdynaric
characteristica that wi1ll lindit the yay load carried in
everyday service or wlll result In excessive malntenance
and repair. It 1s well to recognize this princlple at
the start by basing the hull prorortions on a weight in
excess of the flrst assumption In order to ellow for the
inevitebls increases durling the progress of the detail
design.

Beam.- The beam mey he selected by use of ths
exprecslon

A
c, = —% (1)
A0 v_'b3
vhere
Ca grose~-1oad coefflclent
o
A, gross load, pounds
w speciflec welght of sea water ((CL 1b/cu ft)
b maximum beamr over chinnes, feet

Valuer of CAo vary widely In practice. Tarlier

flylng bnats averased shout 0.35 but there has been a
contirual trend toward hi~her besm loedings 1ln sn attempt
to reduc= frontel arca, !resent-day Faval jatrnsl bombers
average abcut (.9 Lo 1.0, whiecl: pernags ls tno high for
general-purrsse carco or yessanger alrrlanes. Ixteonsive
experience wlth tan’» modale aad avalleble information on
full-size oreration iIndicate that best over-sll results
sre obtained with more moderate values of CAo ranging

from 0.5 to 0.3, degcending on the degree of conservatism
desired.
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As far as low-speed spray and general seaworthiness
are concerned, the permissible values of CA ere asso-

clated with 1ength—beam ratio because the degrrmental
effects of a small beam can be to some extent compensated
for by increasing the length. How far this principle can
be carried 1s a subject for further research and, in the
meantime, satisfactory results are more certain with the
more moderate beam loadings. The acceptance of this
principle will avolid some of the prractical difficultles
encountered with heavily loaded hulls and the extensive
towlng-basin tests required to make them tolerable for a
new deslgn.

Iength.~ The over-all length is made up approximately
of the length of forebody plus the required distance from
the center of gravlity to the tail surfaces. The length
of forebody i1s based on the seaworthiness required for
the intended service.

It 1s shown in reference 1 that the length-beam
ratlos of the forebody for various flying boats in service
are relsted by the expression

L\ 2
CA = | _f.> (2)

where Ly is the lengthk In feet of the forebody from

bow to step and k 1s a coefflclent ranging from 0.0525
for boats with very light spray to 0.0975 for boats with
excessive spray. Satisfactory seaworthiness and low-speed
spray characteristics may be obtalned for flylng boats
with the values of CA propossd previously and a design

value of k of O. 0675 or less,

The optimum length of the afterbody from step to
sternpost 1s also a subject for further research,
particularly in regard to dynamlc stebility and landlng
characteristics. It 1s influencsd primarily, however,
by the buoyancy required aft of the center of grevity
for acceptable trims at resdt and - the dynamic 11ft required
at the hump speed for acceptable hump trims and hump
resistance. Above the hump speed, the afterbody serves
no useful purrose with regard to stabillity or resistance
except as a felring for the forebody in flight. For
hulls with normel proportions, afterbody lengths
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from 2.3 to 2.7 beams have proved satisfactory and an
average value of 2.5 may be assumed in advance of
towing-basin tests of the specific design.

Depth.- The depth of the hull 1s &s Important a
dirension as the beam, as far as frontal area, surface
area, and dreg are concerned. When the wing root 1s in
the hull, as 1s usually the case, the depth of hull 1s
greater than that of the equlvalent fuselage for a land-
plane in order to provlide spray clearence for the
propellsrs end acrodynamlc surfaces. The increment in
depth required muy be kept to a minlmur by the mse of
modsrate null loadings because the helight of the epray
is a function of the bettnm pressures. The spray
normally strikes the flaps end horizontal teil. however,
at sneeds at which the bow 1s out of the water and the
length of feorebody has relatively 1little Influence on
the spray; henze thls srray !s a functlion of becam
loading alone ratkher than the length-heom ratlo.

There is no perticular adventege In the use of very
narrow beams tn reduce frontel ares 1 the hull rust be
made corrssrondingly cdeeper to obtaln spray clearaences.
The optimum ratio of beam to height has not been
determined. The best rule is to adhere to the moderate
hull loedlings proposed and make the depth compatible
wlth the goneral deslgn.

Depth of step.- It 1s & natural tendency to use as
arall a deptia of‘E%ep as possible in order to keep the
dleszontinu!ty in form end structvre as well as the nump
resistance: at a minimum. TIf the ster 1s too shallow,
howaver, the water reslstance at high sgeeds is inordal-
nately high and the hull vecomes violently unstable near
the take-oif and landing srseds. The instability results
In Jump take-offs and sklpplng below flylng sveed, which
ere extremely hseszardous and may even be catastrophic.
The cholze of the depth of step therefore demands the
utmost consldaratlon.

The minimum depth of rtep to aveid the hydroedynamio
Instublllty may be determlred experinentally by tank
tests of a dynarically similar model of tlie alrrlaene.
It is shown In refzrence 2 that, with winyg loadings of
from 25 to L5 pounis per squar: foot, depths of 5 percent
of the beam are inadsequate for stable high-attltude
lendings. The acceptence, at the beglinnling of the deslgns,
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of a depth at the keel from 8 to 12 percent of the beam
wlll-avold most of the operational .difficultises assoclated
with hydrodynamic instebility at high water speeds.

Angle between forebody and afterbody kesls.=~ The
reletively large angle between the keels iorward and aft
of the step constitutes a conspicuous difference between
planing boats and seaplane hulls. Its vprincipal purpose
on the sesplane hull 1s to provide clearance at high water
speeds in order that the airplene may take off and land
at high 1ift coefflcients. If the angle between the
keels 1s too low, the trim at low speeds before the hump
speed 18 too low and ths reslstance 1s higher than at the
true hump, whereas the reslistance at high planing speeds
is too high because of the frictional resistance of the
wetted arterbody. TIf the engle of aftervody keel is too
high, the trims at rest and at the hump szeed arg unduly
high. The best compromise anpears to be or 7

Relative lozation »f wing and hull,- The best fore-
and-aTt location »: the ving with respect to the step of
the bull 1s that where the stable runge of pnslitions of
the center of gravity for fligzht corresionds &= far as
posslible to the c=tavle rurge Ior take-offs and landings.
The locstion of tne hydrodynam!c steble range depends on
the relative positlon of center of rravity and step. The
determination of this range is one of the maln purposes
of tenk tests of a dynamic model of & prorosed design.

In the model tests, all the important trimming moments,
Including those due to thrust and sligcstream, must be
similated in order to predict sccurately the steble
positiong of the ccnter of gravity of the full-size
alrgrlane. If the hydrodynamic stable range 1s too far
aft with respect to the aerndynamic range, the hull

may be moved forward or, &s 1s more convenlent in later
stages of the deslign, the step alone may be moved forward,
and vice versa. When the locatlon of the step itself is
changed, care must be taken to mainteln the proper depth
of step by vertical displacement of the forebody or after-
body.

In advance of the specific model tests, the step
may be approximately located on a line that extends
vertically through the estimated mean position of the
center of gravity when the slrplane 1s in the stall
attitude. In the cese of a step having a plan form
other than traensverse, its effective longltudinal
position may be taken as that of the centrold or center
of gravity of ths plan-form area of the step (refer-
ence 3).
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Shape

*hen the over-all proportlions end the dimensions of
the »laning surfeces are declded upon, the minimum drag
may be obtalned 1f the llnes of the hull conform wilth
the following general prinziplss that are self-evident
but are sometimes overloo%ed in rractice:

(1) The departures from a streamline body should
be kept at the minimum conslistent with the desired
hydrodynamic characterilstics

(2) Although the ectusl cross sections wrust depart
from the 1desl, trLe curve of esctlion areas should follow
that of the streeamllne body as closely as rossible

(3) The chines should be diszosed along the probable
flow lines around the body ss far as rossible, particularly
at the bow

(L) The actual shape of tue rull at every point
should be srooth and falr in three dimensinns except
fer the necessary; dlscontinultles at the chlnez end
stan

For gross-load coefflelents less than C.3, a streem-
line body of revolution with a moderate finensss ratio
riay be reesd!ly adapted es the vasic form to follow for
the hull lires. Tha rrobable flow linez about such a
body are roughly acgarent and will not be influenced
greatly by the rddéition of the V-bottom nlaning svrinces.
The elevated poaltion of the stern, which 1s decirable
for practiceble hulls, mey Le obtalaed with the mintmmum
of penelty in Areg by smonthly warcing the sexis of
revolutlon. then the helght of hull 1s greatly cdifferent
from the breadth, an elliptical cross sectlon provides
the closest arproximation to the tircular section of the
body of revolution.

Thes curve of sectlon areas provides an additlonal
guvlde for the praper falring of tha lines. The fairing
for a shepe as comrlex a3 & flying-boat hull is best
accomplished by the methods used by navael sichitects in
cbtaining the smoothn and pleasing contours of the form
cf a shlp., The deslred form should be so well defincd
by offsets and nieasurements that little freedom remains
In the full-size lofting »of the linss.
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- Below the chines, the shape must conform to that
found by experience to have sultable hydrodynamic :
characteristics but otherwlse should be smooth and fair
for the minimum of interference to the flow of water or
alr and for ease of construction. Angles.of, dead rilse
exclusive of chine £1dre, of approximately 20°. to:22. 55
have been found to be.generally acdeptable in full—size
operation fer normal take offs. and landings, '

A fundamental prineiple in the fairing of the o
forebody bottom appabently is to 'maintain a cylindrical
form of the forebody planing surface as far forward of
the step as proper fairing of the lines at the bow will
allow. A rough rule 1s that the buttocks should be
stralght and parallel for at least 1.5 beams forward of
the ster In crder to obtaln satlsfactory spray, resistance,
and stabllity characteristics. If the buttocks. remgin -
stralght too far forward, however, they will become tpo
convex at:-the bow &and ‘the cleanness of running at texylng
speeds will be impaired. Part of the improvement-in
spray characteristics that results from lengthening the
forebody can usually be attributed to the finer water
lines end improved fairing made feaslble by the greater
length.

A detailed.exposition of the shapes below the chines !
is beyond the scope of this report. Information regerding:
most of the important parameters of form may be found 1in
the varilous reports of -fundamentdl researches In the
NACA tanks. See bibliography.’)

The form below the chines’ finally adopted should
always be lnvestligated in the towing. tank before the
struetural design of the hull 1s begun..’ During the tank
tests, small modiflcations in shape are sometimes found
that offer the possibility of large improvement in.the
hydrodynamie characterlstics but, 1f the design 1is too
far advanced, thess modifioations are difficult to
Incorporate in the full-size hull.

TYPICAL APFLICATION OF DESIGN
PRINCIPLES AND RESULTS

There- is no optimum ferm of hull for all flylng boats
Just as there 1s no optimum form of fuselage, wing section,
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or propeller for all alrplanes. The hull in every case
must'be ‘tallored to fit the deslgn by use of the broad
principlés -outlined and by the results of wind-tunnel and
tank tests of the most promising preliminary form. '
Adoption ‘'of the more conservative principles at the
inceptlion, however, will result In a large reduction in
the experimental work.

NACA Model 8L-FF

NACA model 8L-FF 1s one of an extensive series of
hulls desligned and investigated by the NACA for thes
purpose -of developing forms that would combine low air
drag with good hydrodynémlc qualities. This Investigation
is described In refarence Y. The lines and proportions
. of model 8L-FF are shown in figure 1. They are based on
a streamline body of revolution having the maximum
radius at 30 percent of -the length and a fineness ratlo
of 7.22. Clearance st tha tow and stern are obtained by.
warping upward the axis of revolution forward and aft of-
the maximam resdius. The llines of the forebody are exterior
to the basic form and are auch that the height 1s 6 per-
cent greater than the beam. The depth of step and
length of afterbody, however, are amall as compared with
those in current use, and the length from step to tail
. 18 too short for present-day airplanes.

Accoirding to equation (2), a value of k of C.0675
gives a maximum practical value of CAo (equation (1)

of 0.67 for the length-beam ratio of the forsbody used.
The results of the tank tests reported in reference 4
Indicate that the resistance and spray churacteristics
et this gross-load coefflcient are satisfactory.. In the
light of more recent experience, however; the depth of-
step and length of. aftsrbody are questionable with respect
to the buoyancy needed aft eand to the hydrodynamic sta-
bility. : :

Aerodynamic tests in the WACA O-foot high-speed
tunnel (reference L) indicate thet model GL-F (EL-FF
wlthout the chine flare) hLaes a minimum drsg coefficilent
of 0.098 based on frontal srea wlth transition fixed at

5 percent of the length at a Reynolds number of 20.5 ¥ 106.
This coefficient 1s only 18 percent greater than that of
the streamline body of revolution frem which the hull

was derlived and demonstrates the valldity of the

1
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princéiples 3h-which the form was based. The increase in
-drag ceused by the chine flare .was not determined in
these tests but can be assumed to be small.

* NACA Model 155

. The.foym of -the: hull of :the }00,00Q-pound cargo
airplane (NACA model 155), adapted from that of model
8L-FF, is shown in figure 2 'and 1llustrates the devia- -
tions from the standard form thought necessary or deslir-
able for thls specific :design. .-The maximum width was
determined by the cergo regquirements and l1s somewhat
greater than the beam over the chlnes. - The meximum
gross-load coefficient is 0.65, whlch is based on a

load well 1n excess: of the ncrmral grass:.weight that was
assured at the time of the prelimlnary design. - This
beam loadlng, together with an increased forebody
length-beam ratio, gives a value of : ¥ of only 0.0552,
which assures a reserve of seswnrthilinsas, compatible with
the general conservetism of the design and the require-
ments of the intended service s&8-a long-range cargo
carrier,

. The depth of step 1s 9 percent of the beam in accord
with recent experience with skirpriing-and the length of
afterbody 1s increased for additiorel bucyancy aft of the
center of gravity. The length of tsll extenslon is such
that the predsterminred tsil wrm 13 attained snd the form
alt of the sternpost 1s carsfully falred in an attempt
to reduce the drag of the afterbody.

Preliminary tests of a :% size model 1n NACA tank

No. 1 indicated that, when the afterbody was lmmersed at
high weter speeds, the flow did not clear.the tail
extension. A small chine flare similar to thet.of

model 8L-FF, however, rroved to be all that was required
to make the Iines satisfactory in this »espect,

wind-tunnel 'tests.- Following the preliminary tank
tests; the serodynamlc drag of the same moédel in combina=
tion with 'a proposed NACA low-drag wing was extensively
investigated in the NACA two-dimensionel low-turbulence
pressure tunnel. The signiflicant results of the wind-
tunnel tests are shown in figure 3, in which '

Cn = Do - Dy
Dy gA
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‘where

'GDA frontal-area drag coefflclient

De drag of surveyed portlon of wing-hull comblnation
Dy drag of surveyed portion of wing alone

A maximum eross-~sectlonal ares of hull

q dynamic¢c pressure

The model was tested in the smooth conditlion and
with transitlion fixed by artiflclal roughness at a polnt
5 percent of the length of the hull from the bow. As in
the aerodynamic tests of reference l., drag coefficients
with fixed transitlion are considered more nearly repre-
sentative of actual full-size values than the drag coef-
ficlents of the smooth model.

With fixed transition; the minimum drag coefficlent
of the hull 1s 2.0795 as compared with 0,0903 for model
84-F at approximately the same Reynolds number. 1In
comparing these values, the differences in the test
procedures and conditions should be considered as well
as the differences 1n form,

For the smoosth condltion, the minimum dreg cceffi-
clent is 87 percent of the minimum drag coefficient with
transition fixed at 5 percent of the length. This result
indicates that laminer flow cun perslst over a consider-
able portion of the forebody aft of the 5-percent polnt
and that the chines at the bow are favorebly disposed with
respect to the flow. : )

A fairing aft of the very deep step, having a
length 1l times the depth of step, reduces the min:mm
drag coeffisient 13 percent In the smooth condition. If
the same increment 1s arplied-to the minimum drag coeffi-
clent with flzxed transition, shown by the short-dash
curve of figure 3, the corresponding reduction is 11 per-
sent. These percentages arz indicetive of the proportion
of the total drag of the hull attributable tc the deep
step.

The merit of the form is best Judged by comparing its
drag with the drag of a flat plate having the same surface
area. This comparison 1s made in figure 3 by including
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the numerical value of the coefficient of skin friction
with fully turbulent boundary layer at the test Reynolds
numbsr multiplied by the ratlo of the surface arsa of the
model to its frontal area. The resulting coefflcient is
70 percent of the minimum drag soefficient of the hull
with fixed transition and is 79 percent of the estimated
minimum drag codfficlent with fixed transition and the
step falred. The.form drag of the hull, including the
drag of the chines, may therefore be estimated to be of
the order of only 21 percent of the total drag.

Turk tests.~ Following the tests of the 1 slze model

of the hull, the hydrodynemlc characteristics of a fz-size

dynamic model of the airplane, equlrped with scale powered
pronellers that developred TQ gercent of the scale thrust,
were Investigated. These Lests showed the deslgn to

heve excellent take-off and landing stabllity, comparative
freedom from porpolsling at the dAeslred rositlions of the
center of grevity, snd full clearcnce ~f propellers,
flaps, and teil surfaces from objectivnable spray during
take-nffs At the full-lcad gross weight. The-only
furtner modification found necessary was the usual adjust-
ment of the location of the step to obtaln freednm from
porpolising st the forward positlions of the center of
gravity required by the carso loading scheduvles.

The limits of stabllity for the final form are shown
in figure /.. The power-off trim track with the ceunter
of grevity at 26 rersent of tha meecn aerodynamic chord
and ncutral elevator 1s well cleur of the lower trim
1imit. The porpolsing et high trims ard high speeds 1s
very mild, as svidenced by the smell srread between the
two brenches of the upper trim limlt.

The starle renge of positions of the center of
gravity 1s defined conservatively by assuming the elevators
neutral at the forward limits and 15° up at the after
limits. During operation with positions of the center of
gravity close to these limits or iIn the event of a rower
fallure on teke-off, serious porrolsing may be averted by
moving the elevator up when near the forward limits or
down when near the after limits. The renge shown in
figure li 18 ample for the vurious cargo loadings essumed
in the deslign.

The stable reng2 of positions of the center of
gravity, power on, at a gross-losd czoefficlent of 0.65 is
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from 2l to 36 percent of thse mean serodynamic chord, and
the tcenter of the range for normal operation is at

30 rercent of the mean aerodynemic chord. With the center
of gravity at 30 percent of the mean aserodynamlc chord, .
a line through the ceater of grsevity and the step i1s
inclined st an angle of 15.3° from a perpendicularto the
base line as compared with an angle of trim for a full-
stull landing of approximately 1°.

NACA Model 130

The lines of NACA model 160 (fig. 5) 1llustrate the
use of an elliptical streamline body as the basic form
for a hull and the essentlal dlfferences 1n proportions
anong varlous applications of the seme design princirples.
The design gross-load coeffizient 1s C.76 and the length
of forebody to the centreold of the step 1s such as to give
a value of the coei'ficlent k of 0.0657.

The 1ncorpcration of the V-stepr in the llines is in
accordance with results of reterence 5 showlng that the
mean depth of such a step can be less than the egulvalent
transverse ster for similar iending stabllity. It is
not yet established that the drag due to the V-step 1s
appreciably less but the lnherently smaller frontal area
13 an indication of a slight over-all advantage over the
transverse step.

THRYF PRELTMINARY DESIGNS FCR
TLARGE TRANSFOFT FLYING BOATS

The jimmediate possibilities and brouad technical
aspects of large airplunes for ovserseas alr routes are
11lustrated by the preliminary designs of three flylng
bnats havineg gross weilghts of 120,00C, 300,200, and
130,007 rounds. These gress weichts are chosen
arbitrarily to rrovide the same power loading with the
P. & W. P=-2200 easzine, the ¥. & ¥. R-[,360, and aa
eventual more rowsrful version of the R-i1260 in combina-
tions of four, six, and elght, respectively. There are
thus represented a four-engine airplane within the scope
of rresent practlce, a slxz-engine aftrplane that 1is the
next logical devslopmsnt in sultiengine transgorts, and
an elght-engine airplane that will follow naturally if



NACA ARR No. I4T12 15

the intermediate size proves satisfactory in all respects.
The three alrplanes are appropriately.designated by the
names of three ocean birds, Shearwater, Gannet, and
Albatross.

Three-View Draﬁings

In order to malntain comparable physicel dimensions
and performance for the thrée sizes, ‘the wing loadings
and hull loadings are made the same, along with the power
loadings. The arbitrary values chosen for these loadings
and the other design assumptions held constant for all
the gross welghts are given In table I. The resulting
data and dimenslions for the three alrplanes are given in
table II. The corresronding three-vliew drawings are
shown in figures b, ,and 8 and a comparison of the plan
views to the same scale 1s shown in figure 9. A per-
spective drawing of the intermedl ate size, 1llustrating
the anticipated trend for six-engine transports, is
glven in flgure 10.

The three-view drawings show how the low-drag
hull fits 1n wlth the other components of the structure
and also the influence of the design sssumptions on the
rroportions. The proportlions of wing, hull, and tail
surfaces change with the slze because the dimensions of
the wing with constant wing loading vary as the square
root of the ratlo of the gross weights; whereas the hull
dimensions wlth constant gross-lead coefflclent vary as
the cubse root of the retio of the gross weights. Inasmuch
as the tall moment arms vary with the dimensions of the
hull, the tell arsas become e larger percentage of the
wing area as the gross wsight is increased. The slzes
of the hulls and tall surfaces - relative to the wing -
that follow from these dimensional relstions are compared
In figure 11.

There are, of course, lnnumerable varlatlions of
loadings and dimensions possible for any of the alr-
Planes, depending on factors not taken into account in
the present enalysis and on the individual preferences
of the deslgner. It appears that, as the slze is
increased, the hull of a flying boat can become rela-
tively smaller and retaln ample proportions for sea-
worthiness. The drag therefore becomes of less and
less consequence in relation to the drag of the wing.
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- The length of the tall extension can probably be changed
somewhat to vary the actusl tail area required without
sensibly affecting the drag of the hull.

The absolute clearances of the wing and propellers
above the load water line increase with the size of the
alrplanes. - The clearance of the bottom of the wing in
proportion to the hull dimensions 1s slightly less es the
size increases; the clearance of the propeller tips in
proportion to the rropseller dlameter becomes greater as
~the size and number of englines are lncreased.

' Take-Off Performsnce ..

- The.power loadlng of the three deslgns, primarlly
determined by the engines avallable and the' long-range
. pmerformance required, is relatively higzh for take-off;

- therefore, the question remalns as to whether the- water
resistance of the low-drag hulls will l1limit their func-
tion as a_landing gear. The approximate take-off
performance end trend withk size may be caleéulated from
the data for model 84-EF-5 (reference L).

Frocedure. - Take off ‘calculations were made by using
‘the dats of reference LI and the assumed values of aero-
dynamic 1ift and drag coefficlent plotted in figure 12.
The thrust was estimated from the dsta of reference 6 and
gear ratios for the four-blade propellers were assumed to
glve the same thrust per, horsepower wlith the three sizes
of propeller. The hulls were assumed to be free to trim
up to a speed beyond the hump at which the trim dropped
.to 5°, the trim being held at this value for the remainder
of the take-off...The teke-off speed at 5° trim (9° angle
of attack of the wing) 1is aporoxinately 96 miles per hour.

Results. - The curves - of the camputed values of air
drag, total resistemce, and thrust, along wlth the
grarhical determination of the take-off time and dis-
tance, are shown in figures 13 to 1%5. The curves indi-
cate thet, for large low-drag flying boats such as those
under ccnsideration, the critical roint in the tak%e-off
1s at the hump speed rather than near take-off speed and
-that the assumed power rlemts are sufficlent to provide
reasonable take-off times and distances for such large
airplanes. The pertinent hydrodynamic data at the hump
speed from the calculations are I
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Shearﬁater-Gannst Albatrcss:

- Trim, degrees . ::.':'._.;._. ' '10.7 10. 5” ) '10.1”
‘Lbéad on wateér, pounds . . . .. 101,000 aﬁ;ooo 360,500

Ratlo load on water -to
gross welght . v v v o o & o« - O. 8&2 0.786 - 0.752 .

Water resistance, pounds . . . 23, 000 52, 100 79,000 : -

Ratlio load on water to .
water resistance B T 38 b 50- - - L.6L s

. The totsl’ resistance shown 183 conservative, becausef-.'

the trims at ‘the hump speed end-at take-off are higher
then best trim and the reslstances are uncoprrected for
the decrease in the coefflcient of skin frietion wlith
increase in Reynolds number (reference 7). The estimated
times and dlstances become less as the slze of the alr-
plane is Increased, an indicsation that there 13 no reason
to expect an unforesecen take-off problem for the larger
flying boats. .

With constant wing and yower loadings, the favorable
effect of slze on the take-off performance i1s mainly a
Froude number effect; Jn 'other words, the larger hulls
operate at relatively lower speeds with respect to their
Glmenslons. Thls favorable effect 1s brought out clearly
in fixgure 16, in which the forces ianvolved are reduced
to nondlimensional form by dlviding them by the gross
welght. As ths slze 18 lncressed the hump speed becomes
higher. As a result, the load on the water is lower,
the load-resistance ratlio is higher, and the acceleration
through the critical reglon is greater. The larger alr-
planes also take off at lower Froude numbers, and their
high-sreed reslistances are relatively lower because they
do not reach the Froude number at which the frictional
reslstence of the afterbody becomes predominant.

CONCLUDING REMARKS

The results of the investigations described indicate
the prscticabllity of the present form .of flylng-boat
hull up to a gross welght of 520,070 pounds and support
the validity of the design principles provosed. As the
gross welght 1s increased, the volume of the hull becomes
relatively less, so that the benefits of moderate hull
loadings can be attalned without undue penalty in welght
end drag. The increment 1n drag ceused by an adequately




18 NACA ARR No. I}T12

desp step 18 smaller thar 13 the probable increment caused
by unavoldable roughness on the full-size alrplane. C(lose
adherence to the form of a streamline body and a favorable
dlisposition of the chines with respect to the flow result
in drag coefficlents largely attributable to the skin
Friction. FRadical depertures from the form for minlmum -
drag, or forms having excessive surface area, will not

In general be deslrable for high-performance alrplanes
regardless of thelr hydrodynamlc advantages.

Landing gears for landplanes have become relatively
héavier and-ground pressures with conventional arrangements
have become higher as the gross welght has incroased.

The, gears for gross welghts above 140,000 pounds have not
yet made thelr epresrance but will probably teke the form
of multiple wiieels or caeterprillar treads to reduce the
concentration of. stresses In the alrplanes and runways.
The hull of the flylng boat, aside from 1ts iInherent
abllity to teke off and land at ses, provides an immedlate
solution for the landing-gear problem of lsrge long-range
alrplanes. .

Langley Msmorlal Aeronautical Laboratory
Natlonal Advisory Committee for .Aeronautics
Langley Fleld, Va.
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TABLE I.- LOADINGS AND DESIGN ASSUMPTIONS HELD CONSTANT

Power plants - radial alr cooled:

Power loading, take-off, lb/hp « « « &
Power loading, crulsing, 1lb/hp . .
Fuel consumption, 1b/hp-hr « « o o «

Propellers - constant speed:

NMberOfbladesco--o..lon-
Tip speed, take~off, fps .

Wing - NACA low-drag sectlon:

Wing loading, full-load
gross weight, 1lb/sq ft

Aspect ratio « ¢ ¢« ¢« o ¢ o 8 8 o o & @

T&per ratlo e e ¢ e e e 8 8 8 e o o o

Horlzontal tall ~ NACA low-drag section:

Volume/(Wing area X M.A.C.) ¢ o o «
Aspect ratio . . + ¢ &« ¢ ¢ s & s 8 e .
Taper ratlo . ¢« ¢« ¢ ¢ &+ ¢ o o o o o &
Center of nressure, percent root chord

Vertical tall - NACA low-drag sectlon:

Volume/(Wing area X Snan) .+« « « o « o
Aspect ratio o &« ¢« ¢ 4 ¢ 6 a o ¢ @ o &
Taper ratlo .« 4 ¢ ¢ o . s 6 e s .
Center of pressure, percent root chord

Hull:

Gross=load coefflclent . . + « o
Coefficlent kK . ¢« « o« o « o o o
Ratio of length to maximum beam
Ratlo of depth to maximum beam .
Ratio of cargo space to

gross welght, cu ft/1b . . .

Center-of-gravity position:

Mean posltion, percent M.A.Ce o o o
Forward of step, percent maximum beam
Above keel, percent maximum beam . . .

FOR THE THREF PRYLIMINARY DESIGNS
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TABLE II.- DATA AND DIMENSIONS FOR THE

“ - °  THREE PRELIMINARY DESIGNS

Full-load gross weight, 1b .
Power plant:

Number of engines . . . .
Horsepower, per englne .
Horsevower, take-off . .
Horsepower, crulsing, at

altitude of 10,000 ft

Propellers:

Diameter, f£t . ¢« o« « « &
Actlivity factor per blade

Wing:

Ares, sq ft . . . . . . .
Span, ft .« . ¢« ¢« ¢« <« & &
MIA'CI, ft L] L] L] [ ] L] L] L]

Hull:

ILength, ft . . . . .
Maxlmum beam, ft . .
Beam over chines, ft
Depth, ft + . « . .
Space for cargo, cu ft

Center of gravity:

Distance forward of step,
Height above keel, ft . .

Tall surfaces:
Vertical area, sq ft . .

Horlzontal area, sq ft .
Tall moment arm, £t . . .

25

Shearwater Gannet Albatross

. « 120,000 300,000 180,000
« « « Four Six Eight
. « « 1800 3000 3500
. « + 7200 18,000 28,300
« « « L4320 10,800 17,300
.« o« 15,2 18.0 19.0
L] [] [} ] 67 123 115
.« e 2857 7143 11,L30
e o o o« 160 253 20
« o s 19,1 30.2 38.2
« +» « 130.8 177.2 207.5
« « o 15.1 20. 2.0
e o o« 13.9 18. 22,0
s « o« 18.9 25.6 30.0
« + » 5500 13,700 22,000
ft . 3.12 L.27 5.00
.. 12, 17.1 20.0
« « o« o« 200 600 1100
e « « o« 360 1100 2000
N (4 98 109
FATIONAL ADVISORY '

CONMITTFE FOR AERONAUTICS
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Figure 6.- Three-view drawing of Shearwater.
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Figure 10.- Perspectlve drawing of Gannet.
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Figure 1l.- Effect of gross welght on size of hull relative
to wing with constant wing loading and hull load coefficient.
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Figure 13.- Take-off performance of Shearwater.
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NACA ARR No. L4Il2 Fig. 15

e-off distance, 5540 feet.
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Flgure 16.- Comparison of air drag, total resistance, and thrust
dlvided by gross weight for the various sizes of airplane,
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